Abstract The biosynthesis of the organometallic H cluster of [Fe-Fe] hydrogenase requires three accessory proteins, two of which (HydE and HydG) belong to the radical S-adenosylmethionine enzyme superfamily. The third, HydF, is an Fe-S protein with GTPase activity. The [4Fe-4S] cluster of HydF is bound to the polypeptide chain through only the three, conserved, cysteine residues present in the binding sequence motif CysXHisX (46)(47)(48)(49)(50)(51)(52)(53) HisCysXXCys. However, the involvement of the two highly conserved histidines as a fourth ligand for the cluster coordination is controversial. In this study, we set out to characterize further the [4Fe-4S] cluster of HydF using Mössbauer, EPR, hyperfine sublevel correlation (HYSCORE), and resonance Raman spectroscopy in order to investigate the influence of nitrogen ligands on the spectroscopic properties of 2?/? clusters. Our results show that Mössbauer, resonance Raman, and EPR spectroscopy are not able to readily discriminate between the imidazole-coordinated [4Fe-4S] cluster and the nonimidazole-bound [4Fe-4S] cluster with an exchangeable fourth ligand that is present in wild-type HydF. HYSCORE spectroscopy, on the other hand, detects the presence of an imidazole/histidine ligand on the cluster on the basis of the appearance of a specific spectral pattern in the strongly coupled region, with a coupling constant of approximately 6 MHz. We also discovered that a His-tagged version of HydF, with a hexahistidine tag at the N-terminus, has a [4Fe-4S] cluster coordinated by one histidine from the tag. This observation strongly indicates that care has to be taken in the analysis of data obtained on tagged forms of metalloproteins.
Introduction
There are more and more examples of [4Fe-4S] clusters with three iron atoms coordinated by cysteines and one by the nitrogen atom of a histidine residue (either Ne or Nd). This type of coordination was demonstrated in the case of wild-type enzymes such as the membrane-bound nitrate reductase from Escherichia coli, [1] respiratory complex I [2] , and in both [Ni-Fe] hydrogenase [3] and [FeFe] hydrogenase [4] . Nevertheless, evidence for such coordination has been provided exclusively by X-ray crystallography, and no characteristic spectroscopic signatures have been identified so far. An obvious reason for this resides in the complexity of the electron transfer systems in which clusters with histidinyl coordination have been observed; hydrogenases, nitrate reductase, and complex I all contain a mixture of different clusters and redoxactive centers which are extremely difficult to differentiate spectroscopically. Only in the case of nitrate reductase could the [4Fe-4S] cluster proximal to the molybdenum cofactor active site (FS0), a cubane with one histidine ligand, be observed by EPR spectroscopy. At low temperature it has an EPR signal in the g = 5 region, characteristic of a [4Fe-4S]
? cluster with an S = 3/2 state [1] . However, EPR spectroscopy alone is not sufficient to assign the S = 3/2 feature to nitrogen ligation, since ? clusters with all-cysteinyl ligation [5] or with one oxygenic ligand [6] can also exhibit S = 3/2 ground states. One should note that, in contrast, a number of [2Fe-2S] clusters ligated by one or two histidines could be studied by EPR, electron-nuclear double resonance, and Raman resonance spectroscopy [7] [8] [9] [10] [11] . Another approach is to introduce histidinyl ligation of a [4Fe-4S] cluster by sitedirected mutagenesis, in place of a cysteine residue. This has been achieved in only one case, the DNA repair enzyme MutY [12] . However, the iron-histidine complex in MutY was found to be labile and the cluster prone to decompose into the S = 1/2 [3Fe-4S]
? cluster form, observable by EPR spectroscopy [12] .
Additionally, very few functional studies have addressed the role of histidinyl ligation to [4Fe-4S] clusters. In general, clusters with histidinyl ligation do not seem to be very different from those with only cysteine ligands. For example, in [Ni-Fe] hydrogenases, the two cubanes, one with all-cysteine coordination and the other with one histidine ligand, have the same reduction potential despite their distinct coordination. This is also the case for the [FeFe] hydrogenases. Furthermore, the cysteine-to-histidine MutY mutant exhibited the same enzyme activity as the wild-type protein. In contrast, a recent study showed that a histidine-to-cysteine mutation, converting a (His)(Cys) 3 into a (Cys) 4 coordination in the case of the distal [4Fe-4S] cluster of [Ni-Fe] hydrogenase, had a decisive effect on the rates of intramolecular and intermolecular electron transfer. However, only slight modification was observed in the cluster redox potentials of the enzyme [13] .
During our investigation of enzymes involved in the maturation of [Fe-Fe] hydrogenases in Thermotoga maritima, we found that one member of the assembly machinery, HydF, was a GTPase containing a single [4Fe-4S]
2?/? cluster [14] . This cluster is bound to the polypeptide chain through only the three, conserved, cysteine residues and contains an exchangeable coordination site to which an imidazole molecule can bind, as unambiguously shown by hyperfine sublevel correlation (HYSCORE) spectroscopy [14] . We reasoned that this new protein, with a hitherto unique [4Fe-4S]-imidazole complex, and no interference with other clusters, would be an ideal model to investigate the spectroscopic properties of a cluster with a histidyl coordination. In the present study, we also discovered that a His-tagged version of HydF, with a hexahistidine tag at the N-terminus, had its [4Fe-4S] cluster coordinated by one histidine from the tag, thus providing us with an additional model to characterize. Thus, we set out to characterize further the [4Fe-4S] cluster of HydF using Mössbauer, EPR, HYSCORE, and resonance Raman spectroscopy in order to investigate the influence of nitrogen ligands on the spectroscopic properties on [4Fe-4S] 2?/? clusters. Our results show that although Mössbauer and resonance Raman spectroscopy do not clearly differentiate between the imidazole-coordinated cluster and the non-imidazole-bound [4Fe-4S] 2? cluster, EPR spectroscopy shows a new low-field feature attributable to an S = 3/2 system in the presence of an imidazole ligand. Finally, HYSCORE spectroscopy proved a reliable spectroscopic method to identify an imidazole or histidyl ligand to a [4Fe-4S] cluster.
Materials and methods

General
All chemicals used were purchased from Sigma-Aldrich and used as received unless otherwise stated. Protein purity was assessed by gel electrophoresis by loading samples on Any kD TM Mini-Protean Ò TGX precast gels (Bio-Rad) with Precision Plus Protein TM standards (BioRad). Migration was achieved on a Mini-Protean apparatus (Bio-Rad) at 200 V for 30 min. Protein concentrations were determined with the Bio-Rad protein assay, using bovine serum albumin as a standard. Aerobic UVvisible absorption spectra were recorded with a Cary 1Bio spectrophotometer (Varian), and anaerobic measurements were made with a fiber-optic-fitted UvikonXL spectrophotometer (BioTek Instruments). Iron quantification and sulfur quantification were done according to the methods of Fish [15] and Beinert [16] , respectively. Mass spectrometry and N-terminal sequencing analyses were performed by the mass spectrometry and the peptide analysis facilities of the Institut de Biologie Structurale (Grenoble, France).
Cloning of His-tagged HydF from T. maritima
HydF from T. maritima (TmHydF) was obtained as previously described [14] . Furthermore, the NdeI/HindIII fragment was also subcloned into a derivative of a pT7-7 vector for overexpression of N-terminal hexahistidinetagged proteins, leading to p6H-TmHydF. Additionally, histidine residues H304 and H352 (see Fig. S1 for the sequence alignments) were mutated to cysteine using the two-stage QuikChange mutagenesis protocol with PfuTurbo HotStart polymerase (Stratagene), the p6H-TmHydF plasmid as the template, and their respective primers (Table S1 ).
TmHydF expression and purification
As T. maritima genes use numerous rare codons which code for arginine, isoleucine, or leucine residues, Escherichia coli BL21-CodonPlus(DE3)-RIL cells (Stratagene) were used for overexpression of the wild-type TmHydF (WT-TmHydF) as well as the His-tagged protein (6H-TmHydF) and its mutants.
Cells transformed with the p6H-TmHydF plasmid were grown in Miller's modified LB medium supplemented with ampicillin and chloroamphenicol at 310 K until the optical density at 600 nm reached 1, and protein expression was induced by addition of isopropyl b-D-thiogalactopyranoside to a final concentration of 0.5 mM. For 15 N labeling, a minimal medium complemented with 15 NH 4 Cl was used. After 5 h, the cells were pelleted and stored at 193 K until use. For purification, the cells were thawed in the presence of lysozyme (0.6 mg ml -1 ) and 0.5 % Triton X-100 before centrifugation at 180,000g for 1 h at 277 K. DNA was removed by centrifugation at 10,000g after precipitation with 2 % streptomycin sulfate, and the cell-free extract was loaded onto a nickel nitrilotriacetic acid (Ni-NTA) column equilibrated with 20 mM tris(hydroxymethyl)aminomethane (Tris)-HCl buffer pH 8.0, 200 mM NaCl. After the column had been extensively washed with the equilibration buffer, it was washed with the equilibration buffer containing 20 mM imidazole and then the protein was eluted from the column with 20 mM Tris-HCl buffer pH 8.0, 200 mM NaCl, 500 mM imidazole. Elution fractions containing the 6H-TmHydF protein were pooled and the imidazole concentration was lowered by multiple concentration/dilution steps on a YM-30 membrane. The protein was then aliquoted, flash-frozen, and stored at 193 K. In the case of the as-isolated form of the protein, the same protocol as described above was used but the cell lysis and Ni-NTA column chromatography were performed in an anaerobic atmosphere.
A purification protocol has already been reported for WT-TmHydF; however, the following revised procedure was found to increase the yield significantly. Cells transformed with the p6H-TmHydF plasmid were grown in Miller's modified LB medium supplemented with ampicillin and chloroamphenicol at 310 K, until the optical density at 600 nm reached 0.5, and protein expression was induced by addition of isopropyl b-D-thiogalactopyranoside to a final concentration of 0.5 mM. After 5 h, the cells were pelleted and stored at 193 K until use. For purification, the cells were thawed in the presence of lysozyme (0.6 mg ml -1 ) and 0.5 % Triton X-100 and discontinuously sonicated for 15 min. Cellular extracts were then centrifuged at 250,000g for 90 min at 277 K and the resulting supernatant was heated at 348 K for 12 min. Precipitated E. coli proteins were eliminated by centrifugation at 7,000g for 10 min at 293 K. Ammonium sulfate was slowly added to the supernatant at 277 K to a final concentration of 65 % (w/v). The cloudy solution was stirred for 30 min and centrifuged at 7,000g for 10 min at 277 K, and the supernatant was discarded. The resulting off-white pellet was redissolved in a 50 mM Tris-HCl buffer pH 8, 150 mM NaCl, 1 M ammonium sulfate buffer (buffer A) under stirring. The first chromatographic step was performed on a butyl Sepharose 4 FF column (GE Healthcare, flow rate 0.8 ml min -1 ). After the column had been washed with buffer A, removing all nucleic acids and remaining E. coli contaminants, WT-TmHydF was eluted with a gradient from 100 % buffer A to 100 % buffer B (50 mM Tris-HCl, pH 8, 150 mM NaCl). The remaining ammonium sulfate was then removed on a HiPrep 26/10 desalting column (GE Healthcare) by elution with buffer B, and the protein was concentrated using Amicon 30-kDa centrifugal filters (Millipore). The apo form of WT-TmHydF was generated by overnight treatment of the protein with 10 mM EDTA under reducing conditions (2 mM sodium dithionite) in order to remove any residual metal ions. Apo-WT-TmHydF was then purified on a Superdex S-75 column (GE Healthcare) using buffer B as described above (flow rate 0.5 ml min -1 ). Elution fractions containing the WTTmHydF protein were pooled and concentrated using Amicon 30-kDa centrifugal filters. The protein was finally aliquoted, flash-frozen, and stored at 193 K.
In vitro reconstitution
Fe-S cluster reconstitution of apo-HydF was conducted under strictly anaerobic conditions in a Jacomex NT glove box with less than 2 ppm O 2 . After incubation of apo-HydF (150 lM) with a tenfold molar excess of dithiothreitol for 10 min, a sixfold molar excess of ferrous ammonium sulfate [(NH 4 ) 2 Fe(SO 4 ) 2 Á6H 2 O], or alternatively a sixfold molar excess of 57 Fe(SO 4 ) when preparing samples for Mössbauer spectroscopy, was added, followed by addition of a sixfold molar excess of L-cysteine and a catalytic amount of the E. coli cysteine desulfurase CsdA (1-2 % molar equivalent). Evolution of protein reconstitution was monitored by recording UV-visible spectra every 10 min until the absorbance at 410 nm reached a plateau. Holo-HydF was then desalted on a NAP-25 cartridge and concentrated with Amicon Ultra 10-kDa centrifugal filters (Millipore). In those cases when a His-tag was present in the protein, the solution was also treated with a sixfold molar excess of EDTA in order to remove unspecific iron prior to the desalting step. Additionally, in the case of WT-TmHydF, reconstitutions were performed in which the amount of ferrous salt and cysteine was varied between sixfold and12-fold molar excess in order to study the effect of increasing the amount of cysteine and iron used in the reconstitution step.
Electron paramagnetic resonance X-band EPR spectra were recorded with a Bruker ESP 300D spectrometer equipped with an Oxford Instruments ESR 900 flow cryostat. Protein samples were anaerobically reduced with ten molar equivalents of sodium dithionite before freezing. Spin quantifications of the S = 1/2 resonances were assessed by comparing the double integrals with those of a 1 mM CuEDTA solution at the same temperature, as previously described [17] , using non-powersaturating conditions for both the sample and the standard.
HYSCORE spectroscopy HYSCORE experiments were performed using a Bruker Elexsys E-580 X-band pulsed spectrometer with a Bruker ER4118X dielectric resonator and a continuous-flow helium cryostat (Oxford Instruments CF935) controlled by an Oxford Instruments ITC 503 temperature controller. Experiments were performed at 10 K using the standard four-pulse sequence (p/2-s-p/2-t 1 -p-t 2 -p/2-echo) with a nominal pulse width of 16 ns for p/2 pulses and 32 ns for p pulses, a s value of 132 ns, and a shot repetition rate of 1 kHz. Unwanted echoes were removed by four-step phase cycling. A 128 9 128 dataset was recorded with times t 1 and t 2 incremented in 24-ns steps from an initial value of 200 ns. This dataset was processed using Xepr (Bruker).
The background decay in both dimensions was subtracted using a linear fit, followed by apodization with a Hamming window and zero-filling to 2,048 points in each dimension. The two-dimensional Fourier transform magnitude spectrum was calculated and presented as a contour plot. The isotropic hyperfine coupling constant of interacting nitrogen was obtained from the double quantum-double quantum correlation signal using the standard relation
where m N is the nuclear Zeeman frequency, a N is isotropic hyperfine coupling constant, K is the quadrupole coupling constant, and g is the asymmetry parameter [18] .
Mössbauer spectroscopy Samples were prepared as described earlier. The imidazolecontaining samples were generated by incubating the freshly reconstituted protein with a 25-fold excess of imidazole for 20 min before flash-freezing. Mössbauer spectra were recorded at 4.2 K, either using a low-field Mössbauer spectrometer equipped with a Janis SVT-400 cryostat or using a strong-field Mössbauer spectrometer equipped with an Oxford Instruments Spectromag 4000 cryostat containing an 8-T split-pair superconducting magnet. Both spectrometers were operated in a constant acceleration mode in transmission geometry. The isomer shifts are referenced against that of a metallic iron foil at room temperature. Analysis of the data was performed with the program WMOSS (WEB Research, Edina, MN, USA).
Resonance Raman spectroscopy 6H-TmHydF and WT-TmHydF were reconstituted as described earlier and concentrated to approximately 2 mM in [4Fe-4S] 2? clusters using anaerobic Amicon ultrafiltration with a YM30 membrane. Resonance Raman spectra were recorded at 17 K using frozen droplets of sample mounted on the cold finger of a Displex CSA-202E closed cycle refrigerator (Air Products, Allentown, PA, USA) as previously described [19] , using a simple anaerobic cell for low-temperature Raman spectroscopy, and a Ramanor U1000 scanning spectrometer (Instruments, Edison, NJ, USA) coupled with a Sabre argon ion laser (Coherent, Santa Clara, CA, USA).
Results
Cloning and isolation of the HydF protein
Several recombinant forms of TmHydF have been isolated. The apo form of WT-TmHydF was obtained via a modified literature procedure as described in ''Materials and methods'' [14] . To facilitate purification, a His-tagged version of the protein, 6H-TmHydF, was also generated, and two mutants (H304C-6H-TmHydF and H352C-6H-TmHydF) of the latter protein were also cloned and isolated. The aerobic purification of 6H-TmHydF using a Ni-NTA column results in the isolation of a pure apoprotein that migrates as a single band on a denaturing polyacrylamide gel and which was identified as the 6H-TmHydF protein by N-terminal sequencing and mass spectrometry (data not shown). The facile and fast purification of the tagged protein also allowed us to isolate it under strict anaerobic conditions following the same protocol (as-isolated 6H-TmHydF, hereafter referred to as 6H-TmHydF-AS), which allows conservation of the cluster (see later).
A [4Fe-4S] cluster in TmHydF
Primary sequence alignment analysis of HydF proteins from different HydF-containing organisms reveals the conservation of three cysteine residues located in the C-terminal region, indicating the capacity to bind an ironsulfur cluster, and indeed our initial study on reconstituted TmHydF, as well as later studies on as-isolated forms, has shown that HydF incorporates a [4Fe-4S] cluster [14, [20] [21] [22] . In this study, the iron-sulfur cluster content was determined for both reconstituted and as-isolated samples, the latter being obtained through anaerobic purification in order to preserve the native iron-sulfur clusters. Enzymatic reconstitution performed by treating TmHydF and 6H-TmHydF with a sixfold molar excess of ferrous iron and cysteine in the presence of dithiothreitol and a cysteine desulfurase generates a [4Fe-4S] cluster in both cases. The reconstituted protein exhibits a UV-visible spectrum which displays a broad absorption band around 410 nm (e & 17,000 M -1 cm -1 in the case of reconstituted WTTmHydF (WT-TmHydF-RC), in agreement with the brown color of the protein and similar to S-Fe charge transfer bands generally observed in [4Fe-4S] cluster containing proteins. The presence of a single [4Fe-4S] cluster is also in agreement with iron and sulfide quantification. Under standard reconstitution conditions, the protein accumulates 3.9 ± 0.4 Fe and 3.7 ± 0.2 sulfide ions per monomer for WT-TmHydF-RC. When a larger excess of cysteine and Fe 2? ions are introduced in the reaction in an attempt to form additional clusters, the amount of iron increases to 7.7 ± 0.4 Fe per monomer; however, the amount of sulfide found increases only marginally (4.4 ± 0.4). Thus, the iron and sulfide quantification measurements are in agreement with the formation of a single [4Fe-4S] cluster per monomer, the increase in the amount of iron observed when a large excess is used during the reconstitution most likely being due to unspecific binding of iron to the protein. Excess iron is also observed in the case of reconstituted 6H-TmHydF (6H-TmHydF-RC), for which 5.2 ± 0.4 Fe per monomer was observed. That HydF has the potential to bind two clusters has been a matter of discussion [20] [21] [22] . Our study shows that, at least under the specific reconstitution conditions used here, this is unlikely to be the case.
The anaerobically purified 6H-TmHydF-AS protein was not subjected to a cluster reconstitution, as iron and sulfide quantification, 2.5 Fe and 3.0 S 2-per monomer, as well as its EPR spectrum (see later) showed the presence of a single protein-bound cluster.
Spectroscopic characterization of TmHydF
EPR spectroscopy
The presence of a [4Fe-4S] cluster in TmHydF is further supported by the observation of an axial EPR signal, g || * 2.05 and g \ * 1.90, when the proteins are reduced with an excess of sodium dithionite at pH 8.0 (Fig. 1) . 6H-TmHydF-AS, 6H-TmHydF-RC, and WT-TmHydF-RC displayed almost identical signals in this region (Fig. 1 ). These 2?/? couples reported below, incomplete reduction coupled with a major fraction of the reduced clusters exhibiting an S = 3/2 ground state is likely to be responsible for the low S = 1/2 spin quantifications of reduced 6H-TmHydF. A similar intense S = 3/2 signal has also been observed for the native protein in the presence of imidazole [14] .
HYSCORE spectroscopy
HYSCORE spectroscopy is a two-dimensional pulsed EPR technique which allows detection of hyperfine coupling of nuclei with a low gyromagnetic moment in nonoriented systems. In the case of a strong coupling between an S = 1/2 cluster with an I = 1 nuclear spin nucleus such as 14 N, it is possible to observe a characteristic pattern in the (-, ?) quadrant with so-called double quantum-double quantum correlation features. Such features have been observed in only a few cases, such as proteins in which histidine is ligated to a [2Fe-2S] cluster [7, 8] , some radical S-adenosylmethionine proteins, with the IspH protein treated with pyridine derivatives, and in the case of HydF treated with imidazole [14, [23] [24] [25] [26] .
The HYSCORE spectrum of the reduced WT-TmHydF presented no cross-coupling peaks except those corresponding to distant 13 C atoms present in natural abundance and 1 H atoms, thus excluding a nitrogen atom in the coordination sphere of the cluster (Fig. 2a) . The HY-SCORE spectrum of reduced 6H-TmHydF-RC, on the other hand, was drastically different (Fig. 2b) . The latter contained a complex pattern of peaks in the (-, ?) quadrant characteristic of a strongly coupled nitrogen atom. In particular, it was possible to observe a pair of double quantum-double quantum correlation peaks at (2.4, 7.0) and (7.0, 2.4) MHz, respectively, corresponding to a hyperfine coupling constant a of 3.8 MHz and a quadrupolar coupling constant K of 1 MHz. This spectrum is similar to that of a WT-TmHydF preparation treated with imidazole (Fig. 2c) . To characterize further this cluster ligation, an 15 N-labeled 6H-TmHydF sample was prepared and reconstituted, and the HYSCORE spectrum obtained shows only two small correlation ridges centered at (3.8, 1.0) and (1.0, 3.8) MHz, in agreement with a strongly coupled 15 N atom (I = 1/2) (Fig. 2d) . Thus, these results show that when a histidine-containing tag is present on the protein, the iron-sulfur cluster on the TmHydF protein acquires a nitrogen ligand not present in the wild-type protein.
To rule out the possibility of the tag inducing a structural change to the protein resulting in the coordination of one of the two highly conserved histidine residues in the C-terminal end of the protein (and relatively close to the conserved cysteine residues proposed to ligate the cluster), namely, H304 and H352 for TmHydF, the two corresponding histidine-to-cysteine single His-tagged mutants were generated. The EPR spectra of both reconstituted single mutants were essentially unchanged compared with the EPR spectrum of the parent 6H-TmHydF-RC shown in Fig. 1c , with identical S = 1/2 and S = 3/2 signals (data not shown). HYSCORE spectra of the H304C-6H-TmHydF-RC and H352C-6H-TmHydF-RC mutants were recorded and were found to be similar to the HYSCORE spectrum of 6H-TmHydF-RC (Fig. S2) . Hence, the nitrogen ligand of the [4Fe-4S] cluster detectable in the 6H-TmHydF is not derived from either H304 or H352.
Mössbauer spectroscopy and resonance Raman spectroscopy
To further characterize the iron-sulfur cluster present in the protein, WT-TmHydF-RC was investigated by both Mössbauer spectroscopy and resonance Raman spectroscopy. Additionally, both 6H-TmHydF-RC and the imidazole-treated WT-TmHydF-RC were subjected to the same analysis in order to assess how nitrogen ligation influences the Mössbauer and resonance Raman properties of the cluster. The Mössbauer spectrum of WT-TmHydF-RC without imidazole (Fig. 3, top spectrum) displays a major ? pairs and do not differ from those obtained for [4Fe-4S] 2? clusters with all-cysteinyl ligation [27] . Additionally, a magnetically split signal can be simulated with parameters reported for [4Fe-4S]
? clusters [28] (red line in Fig. 3 ). This signal accounts for about 16 % of total iron. Ultimately, a small contribution (7 %) from adventitious Fe 2? (d = 1.40 mm s -1 , DE Q = 3.27 mm s -1 ) has to be added in order to account for the absorption at ?3 mm s -1 . The addition of imidazole results in very limited changes to the spectrum (Fig. 3, bottom spectrum) . The solid line is an attempt to fit it with the same species as for the spectrum above. The only mismatch is a shoulder at ?2 mm s (Fig. 4) [11, 32, 33] . In contrast, here, the frequencies and relative intensities of the dominant symmetric breathing mode of the [4Fe-4S] cubane (336 cm -1 ) and the asymmetric stretching of the Fe-S(Cys) modes (353 and 366 cm -1 ) are essentially the same in both WT-TmHydF-RC and 6H-TmHydF-RC and are similar to values obtained for clusters with all-cysteinyl ligation [34] . Moreover, the low frequencies of these bands, compared with those of [4Fe-4S] 2? centers with single serinate or aspartate ligands, argue against an oxygenic ligand as the displaceable ligand in WT-TmHydF. There are, however, some significant differences in the weakly enhanced bands in the low-frequency region below 310 cm -1 , which are associated primarily with asymmetric 2? cluster appear to be much less pronounced than those observed with an oxygenic ligand because of the effective mass of imidazole being more comparable to that of sulfur than to that of oxygen. Hence, resonance Raman spectroscopy cannot be used to provide a reliable assessment of histidyl ligation of a [4Fe-4S] 2? cluster.
Discussion
HydF provides a convenient model for finding the specific spectroscopic tools that would allow identification of histidine coordination to a [4Fe-4S] cluster. Previous results, confirmed here, have shown that in vitro enzymatic reconstitution of the apoprotein from T. maritima with iron, cysteine, and cysteine desulfurase generates a single [4Fe-4S] 2? cluster chelated by three cysteines and displaying an exchangeable coordination site. Moreover, the results reported herein on samples obtained following anaerobic purification, thereby circumventing the need for in vitro reconstitution, support the notion that this holds true also in vivo. In the native state the ligand occupying this site is unknown, but a nitrogen-based ligand is excluded on the basis of the HYSCORE spectroscopy findings. The same situation is found in HydF from Thermotoga neapolitana, but in the case of HydF from Clostridium acetobutylicum a histidine is claimed to be the fourth ligand of the cluster [35] . However, in the light of the results presented herein, this claim may need to be reevaluated, since the last preparation contained a Strep-tag II (an eight amino acid oligopeptide featuring a histidine residue) and no control was reported regarding the possibility that the histidinyl ligation could originate from the tag (see below). In the case of TmHydF, we have shown that the exchangeable site can be occupied by an exogenous imidazole ligand so that a defined [4Fe-4S]-imidazole complex becomes available [14] . An accessible iron coordination site suggests that it might be involved in substrate binding and transfer during hydrogenase maturation. In agreement with this, we recently established that HydF containing its [4Fe-4S] cluster is able to bind a diiron synthetic complex, mimicking the active site of HydA, via a bridging cyanide ligand, and to eventually use it to activate apo-HydA [36] .
During the course of this study we also discovered a second model for such cluster coordination, since the cluster of a His-tagged HydF preparation was shown to be coordinated by a histidine present in the added tag, as unambiguously shown by the HYSCORE spectroscopic characterization reported herein. This shows that, whereas tags may facilitate purification, they may also participate in metal coordination in metalloenzymes, and one should be careful to systematically check such a possibility. Moreover, it is noteworthy that in the case of HydF from T. neapolitana which was also His-tagged, no evidence for histidinyl ligation could be obtained by HYSCORE spectroscopy [37] .
The two models, with either imidazole or the His-tag bound to the cluster, were submitted to EPR, HYSCORE, Mössbauer, and resonance Raman spectroscopy, and their spectroscopic properties were compared with those of the wild-type untagged HydF protein, so this study provides the first full spectroscopic characterization of the HydF protein. Furthermore, comparison of these spectroscopic parameters with those of all-cysteine-ligated [4Fe-4S] clusters from the literature allows a more complete evaluation of the consequences of histidinyl/imidazole ligation at a unique iron site. The outcomes of this study are the following.
First, clear evidence for imidazole/histidine binding to the reduced cluster was provided by HYSCORE spectroscopy (Fig. 2) . The values obtained for the 14 N hyperfine coupling constants (imidazole 4.8 MHz, His-tag 3.8 MHz), derived from the specific double quantum-double quantum correlation peaks in the (-, ?) quadrant of the spectrum, cannot be compared with those of other [4Fe-4S]
? clusters with imidazole or histidinyl ligation at a unique site, since there is so far no report of a similar HYSCORE study of such a system. However, these values are in the range of the values obtained in the case of clusters in which nitrogens directly bind to iron centers. For example, in Riesketype [2Fe-2S] proteins a iso ( 14 N) of the coordinated histidine nitrogens is 4.3-5.5 MHz [7] , in the [4Fe-4S] enzyme MoaA (which also has a unique fourth iron), a iso ( 14 N) of N1 of the substrate guanosine 5 0 -triphosphate bound to the fourth iron is 3.6 MHz [38] , in the case of radical Sadenosylmethionine enzymes, HYSCORE studies have reporteda iso ( 14 N values in the range 5.6-6.5 MHz [24, 26] , and finally in the enzyme IspH with one pyridine derivative coordinated to one iron of its [4Fe-4S] cluster, a iso ( 14 N) is 7.4 MHz [23] . Recently, the presence of a histidine ligand of the cluster of HydF from C. acetobutylicum tagged with Strep-tag II was concluded from HYSCORE experiments [a iso ( 14 N) = 4.2 MHz] [37] . We thus suggest that HYSCORE spectroscopy be used for identifying a histidinyl ligation in Fe-S proteins, with a iso ( 14 N) & 6 MHz as characteristic of the presence of an Fe-N bond.
Second, the EPR spectrum of the [4Fe-4S]-histidine complex in 6H-TmHydF displayed an intense signal at g * 5.4 characteristic of an S = 3/2 [4Fe-4S]
? cluster, accounting for a large proportion of the iron present in the protein (Fig. 1) . However, this cannot be used as an indicator of histidyl ligation, as there are many examples of S = 3/2 [4Fe-4S]
? clusters with all-cysteinyl ligation or with a single serine or aspartate ligand [5, 6] .
Third, imidazole or histidine binding to the [4Fe-4S]
2?
cluster has a minimal effect on the Mössbauer and resonance Raman spectra of HydF, rendering Mössbauer spectroscopy and resonance Raman spectroscopy ineffective for reliably detecting histidine coordination to a [4Fe-4S] cluster in a protein (Figs. 3, 4 ).
In conclusion, the spectroscopic characterization of a protein containing a [4Fe-4S] cluster ligated by three cysteines and a single nitrogen atom (from imidazole or histidine) indicates that evidence for nitrogen ligation cannot be obtained from the resonance Raman and Möss-bauer spectra in the oxidized state. We propose that of the spectroscopic techniques used here (resonance Raman, Mössbauer, EPR, and HYSCORE spectroscopy), only HYSCORE spectroscopy of the protein in the reduced state provides signals which can be unambiguously assigned to nitrogen ligation. In the case of HydF, HYSCORE spectroscopy demonstrated that a histidine residue from a Histag served as a ligand of the [4Fe-4S]
? cluster. Indeed, this observation raises the possibility that a His-tag, which is commonly used for protein purification purposes, may adventitiously coordinate metal centers. Consequently care needs to be taken to exclude coordination by a histidine of the His-tag when a metalloenzyme is purified as a polyhistidine-tagged protein.
